Since Moore's prediction in 1965, transistor count density on computer chips has grown exponentially and roadmaps for future industry growth still project exponential development for the next decade. With higher transistor densities, greater heat flux dissipation is required in order for performance to keep par with chip development. However, it is theorized that current cooling systems would not be able to cope with heat fluxes of future computer chips.
INTRODUCTION
Governed by Moore's law, computer chip density has been exponentially growing since its inception in 1965 [1, 2] . With this increase of computer chip density, there is also a heat flux increased associated with the projected exponential growth. Industry roadmaps project computer chips heat fluxes to be greater than 150 W/cm 2 with sub-millimeter zones exceeding 1 kW/cm 2 [3] . Current heat pipe technology has been theorized to be insufficient for high heat fluxes above 100 W/cm 2 [4] . Computer chip industry projections predict that these high heat fluxes would be found on computer chips by 2012 and thus warrant immediate investigation [5] . Although there are spray cooling devices that may solve these rising heat fluxes, they are active systems that require additional power and may not be ideal for all electronic applications [6] . In addition, due to the inaccessible nature of most electronic devices, thermal management systems are typically closed loop systems that require little to no maintenance. As a result, passive systems such as heat pipes are ideal for thermal management for electronic devices. For thermal management applications in space, heat pipes are ideal and are continuously investigated since spray-cooling systems present significant issues and challenges in zero gravity environments [4] . However, since there are no pumps or moving parts in a heat pipe, the fluid and solid interaction that drives the capillary forces must be investigated in order to optimize the flow.
Heat pipes have many factors that limit the heat removal capabilities of the system. In intermediate temperature heat pipes such as those found in electronics, the most common limiting factor is the capillary limit [7] . This occurs when the wick cannot provide enough capillary force to sustain a flow rate to remove the heat at the heat source (or evaporator). Physically, the wick dries out at the evaporator since there would not be sufficient fluid flow to remove the additional heat flux exerted on the heat pipe. In order to design heat pipes for high heat flux applications, understanding the fundamental principles behind the capillary limit is required.
Extensive research has been done on microgroove, sintered powder and mesh-type heat pipe wicks [8] [9] [10] [11] [12] [13] [14] [15] . However, there is limited investigation on carbon nanotube (CNT) and nanowire (NW) based wicking structures [16] [17] [18] . Wicking through a CNT array has been examined significantly but without the introduction of a heat flux on the wick's surface [18] . The research proposed in this paper examines the influence of heat flux on the capillary limit of the wick.
Investigation of heat pipes typically encompasses the entire system including the evaporator, adiabatic (i.e. wicking process without heat flux) and condenser section [7, 9, 12] . As a result, the performance and characteristics of the individual components of a heat pipe are often not well understood. This project aims to investigate the principles that govern and drive capillary flow by focusing on the wick structure of the heat pipe. An auxillary heat source is introduced at the end of the wick to simulate an evaporator and displace the liquid flow. A theoretical model composed of a regular pillar array was developed to examine the elementary principals that affect capillary forces and to find the point at which the capillary limit (or dry out) occurs. This theoretical model was also contrasted with a general Darcy's flow equation to yield an effective permeability (κ) for the different wick structures [19] . This model was compared with experimental results that were obtained from a system exposed to low humidity atmospheric conditions to avoid the effects of vapor pressure and saturation issues. Isolation of the capillary limit from other limiting factors associated with heat pipes (such as entrainment, sonic and vapor viscous limit) can be achieved by testing in an environment with low partial vapor pressure . Experiments were conducted on commercially available heat pipe wicks such as mesh-type and powder wicks along with highly wicking material such as wool felt. These baseline data sets were then contrasted with nanowicks composed of silicon NWs and CNTs. 
NOMENCLATURE

THEORETICAL MODEL SIMULATING QUASI-STEADY STATE CAPILLARY FLOW IN A HOMOGENOUS WICK Approach
Most work on flow through porous media is based on the use of Darcy's law as the underlying relationship governing fluid motion [19] . However, Darcy's flow is a general flow formulation relating the pressure drop due to viscous losses through a permeable medium via empirical data. Due to the novelty of nanowicks, existing empirical data does not exist for the wicks analyzed in this paper. As a result, an ab initio analysis of the flow characteristics on a nanowick was performed.
Heat pipe capillary action is fundamentally based on capillary forces and viscous losses through a cylindrical tube [7, [19] [20] [21] . By approximating the gaps in granular spheres as capillary tubes, the Washburn's capillary tube model can be applied to structures composed of spheres [21] . However, this theoretical model based on a cylindrical tube cannot be applied to the nanowicks that are examined in this work due to the high aspect ratio of the pillars. Specifically, the height of a pillar in a nanowick is in the order of microns whereas the spacing between the pillars is in the nanometer scale. This produces a fluid flow that more resembles sheets of fluid rather than a tube of fluid.
A quasi-steady state ab initio analysis similar to Washburn's capillary flow was applied to an array of pillars. This theoretical model derived from first principals and its respective assumptions are presented in this paper and used to predict the capillary limit of a nanowick. Although this model was generated by considering an array composed of vertical pillars, equivalent parameters and dimensions would be found for wicks with different geometries and analyzed concurrently.
Capillary Forces
The heat pipe's wick primary task is to transport fluid to the evaporator for heat removal. Since there are no pumps to drive the flow in a heat pipe, the fluid delivery is primarily dependent on capillary action induced by the fluid-solid interaction of the wick. This capillary force arises from the balance of forces on the liquid's curved free surface. Considering a quasi-steady state flow through a pillar forest as depicted in Figure 1 , the surface tension forces on the fluid front can be found by analyzing a single fluid front as shown in Figure 2 .
The surface tension force of the fluid acts along the pillar length given by the height of the pillar (H) and is denoted by the black arrows in Figure 2 . This force gives rise to the Laplace pressure differential between the atmosphere and the liquid across the interface, denoted by the green block arrows. If the capillary tube or wick structure is connected to a fluid reservoir at atmospheric conditions, the pressure of the liquid at the interface is less than the pressure of the liquid at the reservoir end. Under these conditions, a pressure driven flow is generated and the fluid permeates through the wick trying to reach an equilibrium condition. 
where σ is the surface tension of the interface, θ is the contact angle, w n is the width or spacing between the nanopillars and ΔP cap is the equivalent capillary pressure induced by the surface tension. In general capillary theory, the width between the pillars (w n ) is also known as the effective pore radius. Applying this capillary pressure to an interface formed between two pillars as depicted in Figure 3 , the driving capillary force induced by a row of pillars can be found by equation (1) . From the equation, it can be seen that in order to increase the capillary force driving the flow, the surface tension force (σ) associated with the liquid should be maximized and a low contact angle (θ) of 0º is ideal. Although a contact angle of 180º would also provide a high capillary pressure, a contact angle of 180º would cause the fluid to be extremely hydrophobic and repeal the fluid. The denominator of the equation justifies the use of nanostructures for wicking purposes. Essentially, a smaller pillar spacing or effective pore radius would induce a higher capillary pressure [22] . However, with increasingly smaller pore radii in the wick, there would inherently be an increase in viscous losses. To model the viscous losses through the array of pillars, a 1D incompressible flow was considered. Due to the high aspect ratio of the nanowick, the viscous losses were predominantly induced by the pillars and viscous losses induced by the substrate of the array can be assumed negligible. By approximating the pillars to be two flat plates as shown in Figure 4 , a quasi-steady state Poiseuille flow is generated between the pillars.
From the basic momentum equation, the viscous loss associated with a Poiseuille flow past two flat plates can be found to be given by [23] :
where ΔP loss is the pressure loss associated with viscous forces. Q v is the volumetric flow rate past the two pillars, μ is the dynamic viscosity of the fluid, d n is the diameter of a pillar, A c is the cross sectional area of the fluid front, w n is the center to center spacing of the nanotubes. Modifying equation (2), the viscous losses for a wick of length x that experiences multiple pillars can be approximated with an effective viscous length parameter L e defined to be
where L e is the effective length of the wick that experiences viscous losses. Incorporating the effective viscous length with equation (2), the viscous loss through a wick of length x can be found by:
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Since viscous losses are dependent on the flow rate of the wick as well as the microscopic and macroscopic dimensions of the wick, the flow rate must be found by incorporating the driving capillary force. A quasi-steady state analysis was considered in order to incorporate the two forces. 
Quasi-Steady State Analysis of Fluid Front
Under quasi-stead state conditions, the capillary forces must be balanced by the viscous losses. Equating the equivalent capillary pressure with the viscous losses in equation (2), a volumetric flow rate can be found for a fluid between two pillars. An analysis of a row of fluid w n wide and x long yields a volumetric flow rate given by
By dividing the volumetric flow rate with the cross sectional area of the fluid flow, a bulk velocity for the fluid can be found to be 2 2 12 12
Equation (6) relates the bulk velocity of the fluid to microscopic dimensions w n , s and d n at a distance x from the beginning of the wick. By inserting the length of the wick (L wick ) in for the distance traveled (x), the maximum or upper bound fluid velocity sustainable by the wick can be found to be: 
where A c,wick is the total cross sectional area of the wick or the width of the wick (w s ) multiplied by the height of the wick (H) and shown in Figure 5 . Since the theoretical model simulates an array of perfectly erect vertical pillars, the height of the wick can be approximated as the height of the pillars. The critical heat removal capacity of the wick can be found with the enthalpy characteristics of the fluid. By multiplying the mass flow rate of the wick with the enthalpy of vaporization and the heat capacity of the fluid, the critical heat removal capable by the wick is equivalent to [24] :
where q heat is the heat dissipated by the wick, is the mass flow rate, h fg is the latent heat of evaporation, c p is the specific heat and ΔT is the fluid's temperature change as a result of the heating. Incorporating equation (8) and (9), the critical heat removal rate that the wick can sustain before dry out can be found in terms of the maximum velocity and is given by ρ = Δ = + Δ (10) This equation can be used to predict the maximum heat removal rate sustainable by a wick of vertical pillars. However, this model would be applied to other geometries by utilizing equivalent microscopic pore parameters in an attempt to investigate the extent of the model's applications
Fluid Flow
Darcy's Flow Effective Permeability
To provide further insight into the characteristics of the wick's permeability, the theoretical model was contrasted with the general Darcy's flow equation. Contrasting equations (5) and (7) with the general Darcy's flow equations [19, 25] 
The permeability (κ) for a nanopillar array with vertical pillars is found to be given by, 2 3 12 12
In a homogenous regular periodic array of pillars the lateral spacing (s) is equal to the normal spacing (w n ) and the Darcy's flow effective permeability can be simplified to two dimensional parameters, spacing (s) and diameter (d n ).
EXPERIMENTAL SETUP Critical Heat Flux Measurements
In intermediate temperature heat pipes such as those found in electronic devices, the wick's ability to move fluid back to the heat source is typically the limiting factor in heat removal [26] . At high heat fluxes, the wick of a heat pipe would dry out due to the wick's inability to transport fluid back to the heat source. When this heat flux is reached, the superheat of the system increases and the mass flow rate of the fluid ceases to increase with increasing heat input.
To investigate this phenomenon, strips of various wicking materials were exposed to atmospheric conditions in order to reduce the influence of vapor pressure and saturation issues at the liquid interface. One end of the wick was then attached to the face of a copper block extrusion by a low-conduction ceramic frame made of MACOR®. The subsequent portion of the wick that was exposed to the atmosphere and also in A c,wick w s H contact with the copper block measured to be approximately one square centimeter. The other end of the wick was dipped into a reservoir of distilled water that rests on an analytical balance as shown in Figure 6 . Since the wick pulls water upwards away from the reservoir, the water reservoir's mass would change over time. By measuring the mass with respect to time, the mass flow through the wick can be determined. At room temperature, the only mass flow that occurs within a saturated wick is associated with natural evaporation. This unwarranted effect introduces additional sources of mass flow to experimental measurements. The natural evaporation rate is subtracted from subsequent mass flow measurements with heat fluxes to negate this effect. A heat flux was provided by the copper block through resistance heating to induce a mass flow through the wick. Since most of the copper block is wrapped with mineral wool, the majority of the heat is directed towards the wick interface that is exposed to the air. The heat input to the system was controlled with a variable autotransformer for high wattages and a DC power supply for wattages less than 2.9 W to reduce uncertainty associated with the instruments. At each wattage setting, samples were taken every two or four seconds over a 15-minute span. The uncertainties for the measurements were evaluated with respect to a Gaussian distribution as well as the intrinsic instrument errors.
In order to record the wattage used to heat the copper block, a wattage transducer was used to convert the heater power to a 0-10 volt DC signal that was decipherable by LabVIEW as shown in Figure 7 . For lower heat fluxes (primarily used for nanowicks), a DC power supply was used in place of the variable autotransformer. The voltage supplied by the DC power supply was measured by LabVIEW and the current was acquired by measuring the voltage drop over a 5Ω shunt resistor.
The acquisition of the water reservoir's mass was done concurrently on an analytical balance via LabVIEW at foursecond sample intervals. The mass flow rate of the wick was found by dividing the variation in mass of the reservoir with time. This mass flow was corrected for evaporation and plotted against the heat flux.
Thermocouples were also placed at various points on the experiment to quantify the enthalpy change of the fluid and the heat loss of the experiment (see appendix). Since the experimental setup was designed with size limitations in mind, the mineral wool and MACOR® piece did not provide adequate insulation and there are slight heat losses to the environment that must be analyzed with these thermocouples. The net heat flux exerted on the wick was corrected with these losses.
Heat Loss through Insulation
The sole purpose of the insulation used in the experimental setup was to direct the heat flux towards the wick interface. However, insulation merely reduces the heat transfer between an object and its environment and does not eliminate heat transfer. An insulator typically reduces heat loss with increasing thickness and is therefore limited by the maximum dimensions of the experimental design. To account for any possible heat loss through the insulation, thermocouples were placed on both sides of the insulation so that a conduction model could be applied. Since the insulation thickness was maximized for the experimental setup, the insulation thickness was large relative to the other system dimensions.
Consequently, a 1D conduction approximation through the insulation would not be valid due to 2D conduction through the edges and 3D conduction through the corners of the insulation. To simplify the analysis, conduction shape factors were used to approximate the conduction through the edges and corners [24] . Finding the summation of the heat loss through the faces, edges and corners of the insulation, the total heat loss through the insulation can be found and deducted from the heat input to yield an actual heat flux through the wick interface.
Wick Conduction Losses
High conducting metals are typically used for heat pipe wicks and casings in order to increase the heat transfer from the heat source to the condenser. Similar to heat pipes, the wick strips used in the investigation experiences conduction through the wick structure. Since this project investigates the flow associated with capillary forces, it is imperative to deduct the influences of other sources of heat transportation and focus solely on the heat removal associated with the fluid flow.
As Figure 8 shows, a temperature gradient exists along the wick indicating heat transfer does occur through the wick. The section outlined in red was analyzed in order to find the heat transfer rate. The wick can be properly modeled as a rectangular fin resting in two stagnant fluids and experiencing natural convection governed by the equation: 
where h air and h water are the heat transfer coefficients of the air and water respectively. T base is the temperature at location the wick meets the copper block, T mid is temperature at the interface of the two fluids and T water is the water temperature. Since the water is a highly conductive fluid, the temperature of the water was assumed to be equal to the temperature of the tip of the wick emerged in the reservoir. Due to the broad range of values for the two heat transfer coefficients, this method provides huge uncertainty values. The heat transfer coefficient for natural convection in air ranges from 10-100 W/m 2 K. Similarly, the heat transfer coefficient for natural convection in water can range from 500-10,000 W/m 2 K, which introduces magnitude of 20 difference in the analysis [27] . Considering that phase change is inherent to the system and possible vapor saturation issues may also alter the heat transfer coefficient of the air, formulating heat loss via convection may not generate an accurate value.
An assumption was made that the air served as an insulating fluid with respect to the water reservoir to circumvent the convection-based heat loss analysis. With this assumption, an 1D conduction model is applied to the wick. Figure 9 depicts the temperature profile along the wick of the analyzed section. The coefficient of determination (R 2 ) of the linear fit justifies the conduction assumption with a value near unity. The conduction loss can be calculated with the equation [28] : where the k is the thermal conductivity of the wick taken from literature [24, 29] . A c is the cross-section of the wick obtained by SEM imaging and dT/dx is the temperature distribution extracted from the slope of the linear fit. Although there is inherent uncertainty associated with thermal conductivity, the uncertainty associated with the conductivity is magnitudes lower than the heat transfer coefficients of the two fluids.
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Actual Heat Flux through the Wick
Combining the heat losses with the power input to the system, the actual heat loss associated with the wick can be found by the equation:
where q actual is the total heat dissipated by the wick, q measured is the power that was measured to the heaters, q insulation is the calculated heat loss through the insulation and q wick is the heat loss via conduction through the wick. The heat flux exerted on the wick can be calculated by dividing the total heat exerted on the wick with the surface area of the wick that is in contact with heating element. where Φ q is the heat flux through the wick and A surf,wick is the surface area of the wick exposed to a the heated copper block. The heat fluxes capable by the wicks were compared with the theoretical predictions as well as each other.
RESULTS
Capillary Limits (Dry-Out/Burn-Out)
The experimental portion of the investigation was performed on commercial wicks obtained from actual heat pipes, highly wicking felt material and nanostructures composed of pillars. The former two varieties of wick samples were used as a baseline to be compared with the latter type of wick. Using the corrected heat flux calculation described by equation (17) and the aforementioned method of analysis, the heat flux exerted on the wick was recorded concurrently with respect to mass flow rate of the fluid through the wick. These two measurements should follow a relationship described by equation (9), where the heat flux is linearly proportional to the mass flow rate. At the onset of dryout, the mass flow rate would deviate from the relationship described by equation (9) and the dryout point can be found experimentally. The various instrument uncertainties and experimental uncertainties were accounted for via the method of sequential perturbation [30] .
Subsequently, the experimental data can be compared with the theoretical model described in this paper by considering equation (8) and the wick's respective dimensions. Although the theoretical model describes a wick with tall pillars typically described by nanopillars, it was applied across a range of wick geometries by finding effective spacings and diameters. A few of these wick structures can be approximated as pillars, as in the case of the wool felt and mesh wicks, but they were not aligned normal to the substrate and were thus discrepant from the theoretical model assumptions.
To measure these dimensions, a scanning electron microscope (SEM) was used to obtain photographs ate various points along the wick. These pictures were processed through ImageJ to obtain diameters and spacings measurements of the wick structure. Multiple measurement samples were taken along the length of the wick as shown in a sample picture given by Figure 10 . These measurements were taken along the wick and the final dimensions were found by taking the average of the measurements. Since most of the wicks were produced on a large scale and exact nanoscale growth is difficult to control, there were considerable discrepancies in the measurements. The uncertainties associated with the measurements were taken to be two times the standard deviation as approximately 95% of values fall within two standard deviations in typical distributions [31] . The values from the SEM measurements are summarized in Table 1 . Initial baseline tests were performed on a piece of wool felt that exhibited high wicking capabilities. The wool felt was selected for demonstration purposes due to fact that it represents a commonplace item that exhibits wicking properties. The results for this baseline run are displayed in Figure 11 along with the corresponding mass flow described by the relationship given in equation (9) and the theoretical maximum mass flow described by equation (8) .
The solid red line predicts the mass flow as a linear function of heat flux exerted on the wick. This should hold true as long as the delivery of fluid for heat removal continues. The maximum fluid flow capable by a wick structure is given by a wick's capillary limit and can be theoretically calculated from the dimensions of the microscopic wick dimensions. The theoretical maximum value is given by the dashed red line. The uncertainty associated with the SEM measurements were accounted for and displayed in the form of uncertainty associated with the theoretical model in gray dashed lines. Figure 11 shows the experimental data of the wool felt which follows a linear relationship with respect to the enthalpy change of the fluid until it reaches its peak at 77.44 g/hr. The theoretical maximum mass flow calculated from the theoretical model was found to be 57.36 g/hr. Although the actual maximum flow rate did exceed the predicted value, the experimental values were within the uncertainty associated with the theoretical model calculations that arose from the inconsistency of the wick dimensions. The drop in mass flow can be associated with the boiling limit commonly found in wicks that experience boiling. The boiling limit is prominent in wicks that are thick and characterized by low thermal conduction. When boiling occurs, nucleate boiling bubbles form within the wick pores creating a layer of air that act as insulation and disrupt capillary action.
Subsequent tests were performed on wicks found in commercially available heat pipes. A sintered powder wick was found to generate a maximum mass flow rate of 35.09 g/hr, which settled on the higher end of the theoretical model's Figure 12 . The disagreement between the experimental data and the theoretical model can be associated with the fact that a sintered powder wick is composed of spherical granules and the model is based on a forest of pillars. The two structures are radically different in nature and the comparison was done only to show the inaccuracy of applying the theoretical model to different geometries. Nonetheless, the theoretical model was able to provide a rough estimate of the maximum mass flow rate value for a wick composed of spheres.
Another baseline test was performed on a commercially available wick that resembled a mesh. Although the mesh wick was relatively thin with a thickness of 207 microns, the mesh wick still produced a peak mass flow of 35.28 g/hr which is comparable to the maximum mass flow of wool felt and sintered powder wick (1.74 mm and 1.20 mm thick respectively). As shown in Figure 13 , the experimental results of the mesh wick matched fairly well with the theoretical model. Comparing the results to the previous two tests, the uncertainty for the mesh wick's theoretical maximum mass flow is high despite the fact that the mesh wick is composed of a uniform structure shown in Figure 14a . However, upon further examination, the structure shown in Figure 14 does not remain perfectly clean over the course of experimental testing. As experimental tests are performed on the wick exposed to the atmosphere, oxidation occurs over time as shown in Figure  14b . Since this study's goal is to examine the effects of microscopic dimensions on a wick's flow rate capabilities, the fully oxidized wick was used for examination rather than a clean mesh wick whose dimensions varied over time. The set of dimensions found on the oxidized version of the wick were the ones used for the theoretical model analysis and consequently generated high uncertainty values.
Two nanopillar wicks were also experimentally tested to determine the validity of the theoretical model at smaller length scales. The mass flow rates of an array of silicon nanowires at different heat fluxes are given in Figure 15 along with the theoretical prediction. The experimental data points of the silicon nanowires agreed well with the theoretical maximum mass flow at 0.32 g/hr. Similarly, carbon nanotubes were also examined for its capillary wicking capabilities and a maximum Figure 14 . SEM image of (a) a clean mesh wick and (b) an oxidized copper mesh wick mass flow was found to be 0.26 g/hr as shown in Figure 16 . The experimental values for the carbon nanotubes were also in good agreement with the value predicted by theoretical model. The agreement with the experimental results and theoretical prediction can be attributed to the fact that the theoretical model was designed for a pillar array similar to the two nanopillar wicks. However, the carbon nanotubes do show a slight fluctuation from the experimental values. When the SEM images of the carbon nanotubes are analyzed in Figure  17 , the pillars reveal an entirely different structure after the structure has been wetted. The carbon nanotubes cluster together after the forest has been wetted and no longer maintain the original structure described by the theoretical model.
Comparing the nanopillar data with the baseline wicks in Table 2 , the nanopillar mass flow rates can be calculated to be less than 1% of the lowest mass flow rate achieved by a baseline wick. Plotting the experimental data sets together in Figure 18 , the nanopillar wick data is nearly non-existent relative to the baseline wicks. Although mass flow rate is an important design parameter for heat pipe applications, it is important to note that the nanopillar wicks are limited in depth and consequently, the cross sectional area for the fluid flow is smaller. The discrepancy in fluid depth between the wicks is due to current growth limitations of nanopillars. Since this paper's goal is to examine the capillary forces of the wick structure, it is important to neutralize this bias for thicker wicks by normalizing the data with respect to the wick thickness to produce a velocity for comparison. 
Fluid Velocity Comparisons
To normalize the data for comparison purposes, the mass flow rate was divided by a constant fluid density of 1000 kg/m 2 and the cross sectional area normal to the fluid flow. By processing the five experimental data sets in such a manner, an average velocity for the fluid through the wick structure would be produced with respect to heat flux.
The power dissipated by a wick can also be normalized by expressing it as a corresponding velocity which is dependent on the thickness of the wick through the following equation
where q is the power dissipated, ρ is the fluid density, A c is the cross sectional area perpendicular to the fluid flow, h fg is the heat of vaporization of the fluid, c p is the specific heat capacity of the fluid and ΔT is the difference of temperature between the measured fluid temperature and the boiling point of the fluid. The equation yields a theoretical velocity for the corresponding power dissipation. The actual average velocity would equal this corresponding velocity at all heat fluxes where the capillary limit has not been reached. The two normalized axes are plotted in Figure 19 with an 1:1 line depicting the period in which the actual velocity equaled the calculated velocity for the corresponding power dissipation. The maximum average velocities achieved are also given in Table 3 . Figure 19 . Normalized plot comparing all wick data sets The commercial mesh wick produced the highest velocity of the wicks.
The nanopillar wicks show comparable average velocities as the other baseline wicks. Although the nanopillar wicks generated a velocity that was lower than the mesh wick, it provided substantially higher velocities than the other two baseline wicks. It is important to note that the nanopillar wicks used for these experiments were not optimized for capillary wicking and may have been the cause of lower velocities when compared to the mesh wick. Subsequently, the model could be used in an attempt to design a high velocity nanopillar wick.
Capillary Limit Model Validation
The theoretical capillary model must be validated to determine its efficacy as a model for nanopillar wick design. Figure 20 plots the actual maximum velocity found via experimental methods versus the theoretical maximum velocity calculated by the model. An 1:1 line is plotted to show the accuracy of the theoretical model relative to experimental values. All experimental data sets are shown to agree with the theoretical maximum velocity within its uncertainty.
The values for the plot are reproduced with the percent difference between the actual and predicted value in Table 4 . By examining the values, it can be deduced that the model provided a reasonable prediction of the maximum mass flow with the exception of the sintered powder wick. Further examination of Figure 20 shows that the sintered powder wick's experimental data only agrees with the theoretical model The homogenous model predicted the maximum velocity within less than 5% difference for the silicon nanowires and mesh wick at the extreme end of its uncertainty. This difference can be attributed to the fact that the sintered powder wick resembles spherical granules rather than a pillar forest simulated by the theoretical model. Considering this substantial difference in geometry, it is rather remarkable that the theoretical model was able to come close with only a 45.27% difference.
CONCLUSIONS
This paper presented a new theoretical model to simulate capillary flow through a wick composed of vertical pillars. The theoretical model was validated against experimental values and was found to produce acceptable values for maximum capillary flow through various wicks with differing geometry. Although some structures produced slightly different experimental flow rate values from the predicted values, they were still within uncertainty. Good agreement was found with the theoretical model and experimental results although accuracy was highly dependent on wick geometry.
The nanostructure wicks were found to exhibit a lower flow rate than the baseline wicks. However, this is inherently due to the cross sectional area available for fluid flow. When the average velocity of the fluid flow was obtained by normalizing the data, it was found that the nanostructure wicks generated comparable values to the baseline wicks. The nanostructure wicks generated average velocities lower than the mesh wick but were considerably higher than the other two baseline wicks. Accordingly, the nanostructure wicks show promise as wicking material for heat pipe applications. However, growth limitations must be addressed in order for the nanostructure wicks to be a feasible option.
The robustness of the theoretical model is also in question due to the uncertainty involved. Although the model predicted values close to the experimental results, the uncertainty involved prevents the authors from drawing any conclusive statements. Further investigation with wicks composed of a rectangular array of vertically aligned pillars must be considered.
By fabricating microscale pillars with less dimensional fluctuations, the theory can be tested with less uncertainty.
The optimal geometry for maximum capillary flow can also be obtained from the theoretical model. However, there is no viscous loss associated with the substrate in the current theoretical model. This assumption does not hold true for pillar structures that are not characterized by a large height to spacing aspect ratio. Subsequently, a 2D viscous model must be developed to correctly describe a fluid flow through a forest of pillars of unknown dimensions.
